Growth performance as well as marbling is the main breeding objectives in Japanese Black cattle, the major beef breed in Japan. A previous study has identified the c.1326T>G single nucleotide polymorphism (SNP) in the NCAPG (non-SMC condensin I complex, subunit G) gene that leads to the amino acid change p.Ile442Met in the NCAPG protein, which is a candidate causative variation for a bovine carcass weight (CWT) quantitative trait locus (QTL). In this study, we first confirmed the association of the c.1326T>G SNP with the growth-related traits, CWT, rib eye area (REA) and rib thickness (RT), and showed significant effect of the SNP genotypes on the marbling trait, beef marbling score (BMS), in the Japanese Black beef cattle population of the Niigata prefecture, with the G allele being associated with a favorable phenotype of these traits. Thus, we concluded that the c.1326T>G SNP is useful for effective marker-assisted selection to increase meat quality and meat productivity in Japanese Black beef cattle of the Niigata prefecture. Furthermore the frequency of the favorable G allele of the c.1326T>G SNP in the Niigata prefecture population was significantly lower than the frequency of this allele in Japanese Black cattle population of the Kagoshima prefecture. However, no statistically significant difference was detected between the allele frequencies estimated by maternal alleles in the half-sib progeny steers in the Niigata prefecture population and obtained in Japanese Black cattle population of the Kagoshima prefecture.
Introduction
Growth performance has an important effect on the economics of beef production [1] . Thus, it is greatly interesting to obtain better knowledge on the molecular architecture of growth characteristics and to generate new opportunities for more effective marker-assisted selection.
A previous study showed that the c.1326T>G single nucleotide polymorphism (SNP) in the NCAPG (non-SMC condensin I complex, subunit G) gene, which leads to the amino acid change of Ile442 to Met442 in the encoded protein, was identified as a candidate causative variation for a bovine carcass weight (CWT) quantitative trait locus (QTL) on bovine chromosome 6 [2] . The NCAPG c.1326T>G variation is present in various bovine breeds and has linkage or association with birth weight [3] [4] , and withers height and body weight at adolescence [4] - [6] . Recently, Hoshiba et al. [7] showed that the c.1326T>G SNP was associated with CWT and rib eye area (REA), subcutaneous fat thickness (SFT) and carcass yield estimate (YE) in Japanese Black beef cattle population in the Kagoshima prefecture, with the G allele of the SNP being associated with a high level of the CWT, REA and YE, and a low level of the SFT.
Thus, it was necessary to investigate whether the association of the c.1326T>G SNP with growth-related traits could be replicated in Japanese Black beef cattle population of the Niigata prefecture and to analyze the effects of the SNP genotypes on the meat quality trait, beef marbling score (BMS), in order to confirm the application of the c.1326T>G SNP to effective marker-assisted selection in the Niigata population of Japanese Black cattle. Additionally, we investigated allele frequency distribution of the SNP in the Niigata population.
Materials and Methods

Samples and Data
We used independent Japanese Black cattle population of the Niigata prefecture, and studied the association of the c.1326T>G SNP with the BMS, CWT, REA, rib thickness (RT), YE and SFT. In this study, 149 paternal half-sib progeny steers (1 to 16 steers per sire) produced from 39 sires were used. There was no strong bias for a specific father or a specific maternal grandfather of the sires and the sire panel likely represents a variety of the sire lines, indicating that the number of the progeny steers is sufficient for the analyses of this study. Hair root specimens of the progeny steers were collected for genotyping the SNP. DNA samples were prepared from the materials using DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Germany).
The BMS, CWT, REA, RT, YE and SFT were measured according to the Japanese meat grading system by certified graders from the Japan Meat Grading Association (Tokyo, Japan) [1] . The predicted breeding values of the BMS, CWT, REA, RT, YE and SFT for the progeny steers were used as the phenotypic values in this study.
The breeding values were predicted using carcass records of Japanese Black steers and heifers fattened in the Niigata prefecture, and obtained from the Niigata Prefectural Headquarters, National Federation of Agricultural Cooperative Association (Niigata, Japan).
This study conformed to the guidelines for animal experimentation of the Graduate School of Science and Technology, Niigata University (Niigata, Japan).
SNP Genotyping
The c.1326T>G SNP was genotyped by the PCR-restriction fragment length polymorphism method as described previously [6] . PCR primers used for PCR-RFLP were 5'-ATTTAGGAAACGACTACTGG-3' and 5'-ATTTGTATTCTCTTATTATCATC-3'. PCR amplifications were performed using 20 ng of the prepared DNA as template in a final volume of 25 µl containing 1 µM of each primer, 1 U of Mighty Amp DNA polymerase (TaKaRa), and 2 X Mighty Amp buffer (800 µM of each dNTP) (TaKaRa). The PCR conditions were carried out as follows: 94˚C for 4 min, 40 cycles of 94˚C for 30 s, the annealing temperature of 52˚C for 30 s, and 72˚C for 30 s, followed by a further 5 min extension at 72˚C. An aliquot of PCR-amplified products was digested at 65˚C for 1 h with restriction enzyme Tsp509I, and electrophoresed on a 2.0% agarose gel. Agarose gels were stained with ethidium bromide and photographed under an ultraviolet light.
Using this method, 133-bp PCR fragments containing the SNP site were amplified and Tsp509I-digested into 70-and 63-bp fragments at the T allele, but not the G allele: the GG homozygotes, the TT homozygotes and the GT heterozygotes yielded 1 band (133 bp), 2 bands (70 and 63 bp) and 3 bands (133, 70, and 63 bp), respectively.
Statistical Analyses
Departures from the Hardy-Weinberg equilibrium were tested for the SNP by chi-square test. Statistical comparisons between the allele frequencies at the SNP in the half-sib progeny steers or estimated by maternal alleles in the progeny steers in the Niigata prefecture population and the previous date obtained in Japanese Black cattle population of the Kagoshima prefecture [7] were also performed by chi-square test. The effect of genotypes at the SNP on the predicted breeding values for the BMS, SFT, CWT, REA, RT and YE was analyzed with the model that included the SNP genotype as the fixed effect and the sire as the random effect. Statistical analysis was performed by the MIXED procedures of the SAS program (SAS Institute, Inc., Cary, NC).
Results and Discussion
Statistically significant differences in the growth-related traits, CWT, REA and RT were detected among the genotypes of the c.1326T>G SNP in the Niigata prefecture population, with the G allele being associated with a favorable phenotype of these traits by analysis using the model that included the SNP genotype as the fixed effect and the sire as the random effect ( Table 1) . These results of CWT and REA were consistent with data obtained in previous study in the Kagoshima prefecture population [7] , and thus confirmed that the NCAPGc. 1326T>G SNP is a causative variation for bovine CWT [2] .
However, no effects of the c.1326T>G SNP were detected on the SFT and YE ( Table 1 ). Our present study might not have sufficient power to detect the association of the c.1326T>G SNP with the SFT and YE in the Niigata prefecture population, because of the larger number of segregating QTL for the growth-related trait in the Niigata prefecture population as compared with that in the Kagoshima prefecture population. Further study using a larger number of samples will be needed for the Niigata prefecture population. In addition, this study is the first report to show that the c.1326T>G SNP is associated with BMS in Japanese Black beef cattle with the G allele being associated with a high level of BMS. Therefore, we concluded that the c.1326T>G SNP in the NCAPG is useful for effective marker-assisted selection to increase meat quality and meat productivity in Japanese Black beef cattle of the Niigata prefecture. 1 BMS, Beef marbling score (unit); SFT, Subcutaneous fat thickness (cm); CWT, Carcass weight (kg); REA, Rib eye area (cm 2 ); RT, Rib thickness (cm); YE, Yield estimate (%). 2 The breeding values are given as least squares means ± SE. The least squares means and SE are calculated by the MIXED procedures of the SAS program (SAS Institute, Inc., Cary, NC).
a,b,c Mean values at different genotypes without a common superscript letter significantly differ (P < 0.001). Genotyping the 149 paternal half-sibprogeny steers for the c.1326T>G SNP revealed 9 animals homozygous for the G allele, 60 animals heterozygous for the G allele and the T allele and 80 animals homozygous for the T allele ( Table 2 ). The observed frequencies of the SNP genotypes in the Niigata population of Japanese Black cattle are shown in Table 2 . The observed and expected heterozygosity values at the SNP conformed to the Hardy-Weinberg equilibrium in the Niigata prefecture population. Statistically significant difference was detected between the allele frequencies obtained in the half-sib progeny steers in the Niigata prefecture population and obtained in Japanese Black cattle population of the Kagoshima prefecture [7] . The frequency of the favorable G allele of the c.1326T>G SNP in the Niigata prefecture population was lower than that of the Kagoshima prefecture population. However, no statistically significant difference was detected between the allele frequencies estimated by maternal alleles in the half-sib progeny steers in the Niigata prefecture population and obtained in Japanese Black cattle population of the Kagoshima prefecture [7] (data not shown).
Many QTLs for the growth-related trait are thought to be fixed for favorable alleles in the Kagoshima prefecture population [8] . We should note that the female population in Japanese Black cattle of the Niigata prefecture possesses the favorable allele (G allele) frequency at the c.1326T>G SNP, which is comparable to the data observed in the Kagoshima prefecture population [7] .
Conclusion
In this study, we showed the replicated and novel association of the c.1326T>G SNP with the CWT and REA, and the BMS, respectively. Therefore, we concluded that the c.1326T>G SNP in the NCAPG is useful for effective marker-assisted selection to increase meat quality and meat productivity in Japanese Black beef cattle of the Niigata prefecture. Furthermore, it is important to note that the female population in Japanese Black cattle of the Niigata prefecture possesses the favorable allele (G allele) frequency at c.1326T>G, which is comparable to the data observed in the Kagoshima prefecture population. These results suggest that many QTLs for the growthrelated trait may be fixed for favorable alleles in the female population in Japanese Black cattle of the Niigata prefecture, and that a selection for high growth performance in sire's side in Japanese Black cattle of the Niigata prefecture will be useful.
